Abstract. This paper presents an intelligent method based on multiuobjective genetic algorithm (MOGA) for prediction of limit cycle in multivariable nonlinear systems. First we address how such the systems may be investigated using the Single Sinusoidal Input Describing Function (SIDF) philosophy. The extension of the SIDF to multi loop nonlinear systems is presented. For the class of separable nonlinear element of any general form, the harmonic balance equations are derived. A numerical search based on multiobjective genetic algorithm is addressed for the direct solution of the harmonic balance system matrix equation. The MOGA is employed to solve the multiobjective formulation and obtain the quantitative values for amplitude, frequency and phase difference of possible limit cycle operation. The search space of MOGA is the space of the possible limit cycle parameters, such as amplitudes, frequency and phase difference between the interacting loops. Finally computer simulation is performed to show how the analysis given in the paper is used to predict the existence of the limit cycle of the multivariable nonlinear systems.
Introduction
The frequency response method is a powerful tool for the analysis and design of linear control systems. It is based on describing a linear system by a complexvalued function instead of differential equation. However, frequency domain analysis can not be directly applied to nonlinear systems because frequency response functions can not be defined for nonlinear systems. The Describing Function (DF) method is an extended version of the frequency response method, which can be used to approximately analyze and predict nonlinear behavior [3, 2] . The main use of describing function method is for the prediction of limit cycles (oscillations) in nonlinear systems [1] . A limit cycle is the phenomenon that can be observed in systems composed of nonlinear elements. The phenomenon is of fundamental importance in nonlinear systems and, as far as the design of a nonlinear system is concerned, it should be considered along with the stability analysis [6] . The applicability of DF to limit cycle analysis is due to the fact that the form of the signals in the limit-cycling system is usually approximately sinusoidal. In fact, we assume that the linear part of the system has low-pass properties, which can attenuate the harmonics of the nonlinear system. In this paper the describing function method is extended to multi-loop systems and the MOGA formulation is designed to numerically search for limit cycles. The computer simulations are performed to show how the proposed method is used to predict the existence of the limit cycle of the nonlinear multivariable systems. The configuration of this paper is as follow: Section 2 offers a brief summary of the sinusoidal input describing function theory, because it will be used in the sequel. In section 3 the definition of limit cycle as a characteristic of nonlinear systems is presented. The extension of the philosophy of the harmonic balance equation to multivariable nonlinear systems will discussed in section 4. Several approaches have been formulated to analyze and predict the limit cycle oscillation in nonlinear systems, in section 5 a brief review of multiobjective genetic algorithm that we will use for predicting of amplitude, frequency and phase of limit cycle of nonlinear MIMO systems, is presented. Simulation results and some concluding remarks is discussed in next sections.
Sinusoidal Input Describing Function
The Sinusoidal Input Describing Function (SIDF) approach generally can be used to study periodic phenomena. It is applied for two primary purposes: limit cycle analysis and characterizing the input/output behavior of a nonlinear plant in the frequency domain. In short a SIDF describes the amplitude and phase of the first harmonic of the periodic output signal of the nonlinear system with respect to the sinusoidal input signal [4] . Due to the characteristics of a nonlinear system, the SIDF will be dependent on both the amplitude and the frequency of the input signal. The SIDF can easily be measured with a Dynamic Signal Analyzer, which generates a sinusoidal source signal with a presanctified amplitude and frequency. The corresponding amplitude and phase of the output signal are computed online, resulting in the SIDF for the specified input amplitude and frequency. In order to develop the basic version of the describing function method, the system has to satisfy the following conditions [5]:
1. There is only a single nonlinear component and the system can be rearranged into the form shown in Figure 1 . 2. The nonlinear component is time-invariant. 3. Corresponding to a sinusoidal input, only the fundamental component of the output is considered. 4. The nonlinearity is odd.
If the input of the nonlinear system is a sine wave e(t) = A sin(ωt), then the output is periodic and can be expressed as:
[a n cos(nωt) + b n sin(nωt)]
